Manganese (Mn) substituted cobalt ferrites (CoFe 2-x Mn x O 4 , referred to CFMO) have been synthesized by the solid state reaction method and their dielectric properties and ac conductivity have been evaluated as a function of applied frequency and temperature. X-ray diffraction measurements indicate that CFMO crystallize in the inverse cubic spinel phase with a lattice constant $8.38 Å . Frequency dependent dielectric measurements at room temperature obey the modified Debye model with relaxation time of 10 À4 s and spreading factor of 0.35(60.05). The frequency (20 Hz-1 MHz) and temperature (T ¼ 300-900 K) dependent dielectric constant analyses indicate that CFMO exhibit two dielectric relaxations at lower frequencies (1-10 kHz), while completely single dielectric relaxation for higher frequencies (100 kHz-1 MHz). The dielectric constant of CFMO is T-independent up to $400 K, at which point increasing trend prevails. The dielectric constant increase with T > 400 K is explained through impedance spectroscopy assuming a two-layer model, where low-resistive grains separated from each other by high-resistive grain boundaries. Following this model, the two electrical responses in impedance formalism are attributed to the grain and grain-boundary effects, respectively, which also satisfactorily accounts for the two dielectric relaxations. The capacitance of the bulk of the grain determined from impedance analyses is $10 pF, which remains constant with T, while the grain-boundary capacitance increases up to $3.5 nF with increasing T. The tan d (loss tangent)-T also reveals the typical behavior of relaxation losses in CFMO. V C 2014 AIP Publishing LLC.
Dielectric relaxations and alternating current conductivity in manganese substituted cobalt ferrite
I. INTRODUCTION
Ferrites constitute an important group of materials for fundamental scientific research and technological applications due to their unique structural, magnetic, and electrical properties. [1] [2] [3] [4] [5] [6] Spinel ferrites have been extensively used in a wide range of applications like microwave devices, high density magnetic information storage, biomedical applications, etc. Among the spinel ferrites, cobalt ferrite (CoFe 2 O 4 , referred to CFO) is a most versatile and hard ferrimagnetic material, which exhibits unique properties such as high Curie temperature, high coercivity, high magnetocrystalline anisotropy, and moderate saturation magnetization at room temperature, large Kerr effect and Faraday rotation. 1, [4] [5] [6] The presence of large magnetocrystalline anisotropy with a reasonable magnetization value makes CFO as a promising hard magnetic and recording material. 7 Magnetostrictive CFO composites hold promise for utilization in advanced magnetomechanical stress and torque sensors because of their large strain derivative (dk/dH) r and their high sensitivity of magnetization to applied stress (dB/dr) H . 4, [8] [9] [10] Recently, from a comparative study, Jiles and his team found that in terms of improving strain response to applied field whilst maintaining significant amplitude of magnetostriction, CoAl x Fe 2-x O 4 has promising potential for magnetomechanical stress sensor applications. 9 Cobalt ferrite exhibits an inverse spinel structure where the oxygen (O) atoms make up a face centered cubic (fcc) lattice, an eighth of the tetrahedral (A) sites of spinel structure are occupied by Fe 3þ ions and half of the octahedral (B) sites are occupied by Co 2þ and Fe 3þ ions. Thus, the large fraction of empty interstitial sites makes the spinel structure a very open structure favorable to cation migration. 11 Since the Co 2þ ion is highly anisotropic, it is reasonable that the magnetic behavior of the materials will vary with different Co 2þ site occupation. A unit cell of CFO is a fcc with lattice parameter of $8.39 Å , consists of eight formula units. 12 The eight Fe 3þ ions in tetrahedral sites are aligned antiferromagnetically with respect to the remaining eight Fe 3þ ions via superexchange interactions mediated by oxygen ions. 13 Thus, the uncompensated Co 2þ ions which have three unpaired electrons in their d-orbitals would give a theoretical saturated magnetization value of 3.87l B per formula unit. Substitution of other metals for Fe in cobalt ferrite has been proposed to tailor the electrical, magnetic, and magnetomechanical properties of such materials. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] In this context, partial replacement of Fe 3þ by rare earth or large ionic radius ion in the spinel structure has been reported to lead to structural distortion, which induces strain and significantly modifies the electrical properties. [14] [15] [16] The structural, magnetic, electrical, and dielectric properties of Co ferrites play a key role in the designing of magnetic, electronic, microwave, and electrochemical devices. 24 For instance, capacitors, batteries, rf circuits, high-quality .filters, antennas, transformer cores, read/write heads for a)
Author to whom correspondence should be addressed. high-speed digital tapes, and operating devices require controlled electrical properties of Co ferrites. Electrical behavior is one of the most important properties of ferrites, which markedly depend on the preparation conditions, e.g., sintering time, and temperature, type, and quantity of additives. 3, 4 Dielectric properties of CFO based composites produce valuable information on the behavior of localized electric charge carriers and, thus, provide a deeper understanding of the mechanisms associated with dielectric polarization. Several reports on the effect of manganese (Mn) ions incorporated CFO have stated that the substitution of Mn for Fe ions in Co ferrite results in decreasing the M s and T c values, while the magnetostriction values are retained unaffected. 8, [25] [26] [27] [28] [29] [30] [31] However, most of the existing reports focus on the high end of Mn concentration, i.e., x ¼ 0.1-0.5 in CoFe 2-x Mn x O 4 (CFMO). In addition, in most of the cases, x values were increased in steps of 0.1, where the information on the structural distortion and property changes due to fractional amount of dopant are not known. However, on the other hand, doping or substituting metal ions at lower concentration level (x 0.1) with small steps and elucidating the underlying chemistry and physics is important since the effect of foreign atoms is most remarkable at the very first, lower-concentration incorporation into the bulk of CFO. Furthermore, in the case of Mn ions into CFO, most of the earlier reports paid attention to the structure-magnetic property functional relationship, while attention towards the structure-dielectric behavior is meager. Recently, we reported on the correlation between structural, magnetic, and dielectric properties in CFMO compounds with a variable Mn composition (x) in the low-end range of 0.00-0.15.
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The emphasis in the present work was to investigate the temperature dependent dielectric properties and ac electrical conductivity of these ceramics as a function of variable Mn composition. Interestingly, as revealed by the frequency (20 Hz-1 MHz) and temperature (T ¼ 300-900 K) dependent dielectric constant analyses, the CFMO compounds exhibit two dielectric relaxations at lower frequencies (1-10 kHz), while completely single dielectric relaxation for higher frequencies (100 kHz-1 MHz). The dielectric constant of CFMO is T-independent up to $400 K, at which point increasing trend prevails. The observed results are accounted by assuming a two-layer model, where low-resistive grains separated from each other by high-resistive grain boundaries. Following this model, the two electrical responses in impedance formalism are attributed to the grain and grain-boundary effects, respectively, which also satisfactorily accounts for the two dielectric relaxations as presented and discussed in this paper.
II. EXPERIMENTS
The CFMO polycrystalline compounds were prepared from 99.99% pure CoO, Fe 2 O 3 , and Mn 2 O 3 by the standard solid state reaction method. We adopted the same synthesis procedure as described elsewhere. 32 Powders of the starting materials were ground in a mortar and pestle for 1 h and the mixtures were heat treated in air at 1200
C for 12 h employing controllable furnace with the heating rate of 200 C per hour. Morphology and composition were examined by scanning electron microscopy (SEM) coupled with energy dispersive X-ray spectrometry (EDS) using a high-performance and high-resolution scanning electron microscope (Hitachi S-4800). Sample for SEM and EDS analysis was prepared by dispersing CFMO on carbon tape, which was pasted on Al grid. Surface imaging analysis was performed using probe electron beam operating at 15 kV. The secondary electrons generated from sample were used for imaging the surface. For dielectric measurements, the surfaces of the samples were well polished, rubbed with silver paste as the electrode for the electrical measurements, and then heated in a furnace at 100 C for an overnight. The discs were sandwiched between two thin silver foils and then connected by silver wires to HP (4284A) precision LCR meter. A signal of 1 V and frequency in the range of 20 Hz-1 MHz was applied to the circuit using HP precision LCR meter. In addition, before each measurement a standard calibration was performed to remove any stray capacitance, lead, and contact resistance. Room temperature capacitance and dielectric loss were recorded simultaneously as a function of frequency in the range of 20 Hz-1 MHz, in addition to complex impedance, to probe the dielectric dispersion. The whole sample assembly was then placed in a furnace attached with the temperature controller. The real part of dielectric constant (e 0 ) and ac resistivity (q ac ) of the samples as a function of temperature were calculated from the capacitance and resistance measurements made on a LCR meter. The measurements/calculations were made to obtain these physical parameters at variable frequencies. Along with capacitance measurements, the corresponding loss tangent, tan d, was also simultaneously recorded. For complex impedance analysis, at fixed different temperatures, the Z 0 and Z 00 were recorded using LCR meter.
III. RESULTS AND DISCUSSION
A. Morphology, chemical quality, and crystal structure
The SEM images of pure CFO and Mn-substituted CFO are shown in Fig. 1 . It can be seen from these images that the Mn-substitution induces some changes in the morphology of CFO. The micrograph of pure CFO sample indicates a morphology characterizing uniform contrast and pore-free particles with uniform distribution. Such behavior is the characteristic of CFO prepared by solid state reaction and high-temperature sintering. The most remarkable effect of Mn-substitution on the morphology is the smooth morphology and grain size increase. While the lower concentration (5% Mn) is not effective, Mn concentration of 10% and higher 15% clearly induces changes as shown in Fig. 1 . It appears that, upon Mn substitution, grains are coalesced to form larger grain with smooth surfaces. To illustrate this, the morphology of CFO (x ¼ 0.00) and CFMO (x ¼ 0.15) is compared by the high-resolution SEM images in Fig. 1 . The presence of smooth grain boundaries for CFMO can be seen in the SEM image. Our results on Mn substitution induced coalescence to form larger grains were in agreement with the literature. 33 However, Atif et al. 33 have reported the formation pores upon Mn substitution (x ¼ 0.4), which was not observed in this case. Perhaps, higher concentration of Mn might be responsible for such pore morphology, which is not the case in the present work.
The EDS measurements indicate that the grown CFMO materials are stoichiometric and homogeneous with a uniform distribution. The characteristic peaks of Fe, Co, Mn, and O are evident in EDS of CFMO shown in Fig. 2 as a function of Mn-concentration. X-ray energy is a characteristic of generating atom and, therefore, detection of X-rays emitted provides the signature of the atoms present. 34, 35 Therefore, EDS measurements can be used to qualitatively discuss the chemical quality of CFMO. The representative EDS data of CFMO for x ¼ 0.000 and 0.075 are shown in Figs. 2(a) and 2(b), respectively. The lines identified are Fe Ka, Mn Ka, O Ka, and MnLa at their respective energy positions, indicating that the X-rays are only due to Fe, Co, Mn, and O present in the samples. The evolution of Mn peak is seen only in Mn-substituted samples. X-ray lines from the Al grid and carbon tape can also be seen (Fig. 2) , which is hard to eliminate but can be used as a reference. The absence of any other peaks except from Co, Fe, Mn, and O atoms indicates that the CFMO ceramics are synthesized with a good chemical quality, where no other elemental impurities are incorporated during chemical processing and/or handling. To indicate the effective Mn incorporation into CFO, the peak region of Mn is shown in Fig. 2(c) . While there is no Mn peak in pure CFO, the Mn peak appears for CFMO samples. The Fe Ka and MnK b lines overlap with each other. However, it can be seen that the peak intensity increases with increasing x due to Mn-incorporation into CFO as expected.
The details of crystal structure and lattice parameter of pure and Mn-substituted CFO are reported in detail elsewhere. 32 Briefly, X-ray diffraction (XRD) analyses indicate that the synthesized CFO material crystallizes in the inverse spinel phase without any impurity phase. The lattice constant of pure CFO is 8.398 Å , which agrees with that of the reported value for CoFe 2 O 4 .
36 CFMO materials also crystallize in the inverse spinel phase without any impurity or secondary phase. The lattice constant values for CFMO compounds were found to decrease from 8.398 Å to 8.375 Å . Significant lattice parameter decrease, however, occurs only at the very first step of initial 5% Mn substitution into CFO. While the lattice parameter decrease is not linear with further increase in Mn concentration, 15% Mn resulted in further slight decrease. In ferrites, the lattice constant is usually affected by the cationic stoichiometry. [37] [38] [39] Most importantly, the lattice parameter expansion or contraction is noted by others depending on whether Mn ions substitute for Co 2þ or Fe 3þ ions, respectively, in CFO. 21, 31, 37, 38 The lattice constant decrease in this work was also supported by bond length and bond angle calculations (not shown here) derived from refinement procedure as reported in our previous work. 32 Other evidence for Mn ions initially competing for Co 2þ and Fe 3þ ions in CFO was also supported by the observed behavior of saturation magnetization with Mn concentration as reported elsewhere. 32 
B. Frequency and temperature dependent dielectric constant
The frequency dependence of the real part of dielectric constant (e 0 ) of CFO and CFMO measured at room temperature (300 K) in the frequency range of 20 Hz-1 MHz is shown Fig. 3 . It is evident that e 0 initially decreases sharply with increasing frequency (up to 1 kHz). At higher frequencies, e 0 decreases slowly and becomes almost constant (up to 1 MHz). The frequency dependence of e 0 for CFMO is the characteristic of the usual dielectric dispersion. The e 0 dispersion observed from CFMO (Fig. 3) can be explained based on the contributions from various sources of polarizations. 40, 41 The larger value of e 0 at lower frequencies is mainly due to the contributions from polarizations of electronic, ionic, space charge, and grain-boundaries. The In all these EDS spectra, the peaks due to various elements and their respective energy positions are as indicated. Mn-incorporation into CFO is evident from Mn-peak evolution.
decrease (and disappearance finally) in ionic and orientation polarizability with increasing frequency may be responsible for the decrease in e 0 at higher frequencies. Since more than one ion (O 2À , Fe 3þ , Co 2þ , and Mn 3þ ions) contributes to the relaxation process, the data were fitted to the modified Debye's function that considers the possibility of more than one ion contributing to the relaxation. Using this model, the observed dispersion of the dielectric constant can be modeled using the equation
where e 0 is the real part of the dielectric constant, e 0 1 is the dielectric constant at higher frequency (at 1 MHz), e 0 0 is the dielectric constant at lowest possible frequency (in our case 20 Hz), x ¼ 2pf is the angular frequency with f is the applied frequency to the signal of 1 V, s is the mean relaxation time, and a 0 is the spreading factor of the actual relaxation times about the mean value. It is evident (Fig. 3) that the experimental data (open circles) is in good agreement with the calculated data (solid lines) indicating the validity of modified Debye's function with the possibility of more than one ion contributing to the relaxation process.
The temperature dependence of e 0 for CFMO is shown in Fig. 4 as a function of frequency. The data shown are (Figs. 4(a)-4(d) ) for the set of four selected frequencies, viz, 1 kHz, 10 kHz, 100 kHz, and 1 MHz. The high temperature (300-900 K) dependence of e 0 indicates the two dielectric relaxations in the frequency range of 1-10 kHz. However, only single dielectric relaxation is noted for higher frequencies (100 kHz-1 MHz). It is also evident (Fig. 4 ) that e 0 is nearly Tindependent in the lower temperature ($300-400 K) range. At higher temperature (>400 K), e 0 is found to increase with T for all frequencies. The e 0 -T relation and the observed results for CFMO can be explained as follows. At higher temperatures, thermal energy supplied by the temperature enhances The dielectric constant is independent of temperature up to $400 K, at which point e 0 monotonically increases with further increase in temperature for all frequencies. Also, it can be noted that the dielectric maxima shift towards higher temperatures with increasing frequency. the mobility of charge carriers and, hence, their rate of hopping increases while the thermal energy supplied at lower temperature is not enough to increase the mobility of charge carriers. The dielectric polarization, therefore, increases at higher T causing e 0 to increase. In the present work, a more detailed account of the effect of microstructure on the electrical properties is derived based on the impedance formalism as presented and discussed later below.
Having understood the e 0 -T functional relationship, we now discuss about the peak shift of the maximum of dielectric constant as a function of temperature. A shift in the dielectric maxima towards higher temperatures is noted with increasing frequency (100 kHz and 1 MHz). This is because as the frequency increases, the charge carriers are not able to align with the fast changing field as a result of which there is decrease in polarization.
41, 42 Consequently, higher energies are required to restore polarization, which requires higher temperature to provide the system with such desired energy. Therefore, higher the frequency, higher is the temperature required. As a result, the dielectric maxima shift towards higher temperatures with increasing frequency as noted in Fig. 4 for CFMO.
The composition dependence of dielectric constant of CFMO is shown in Fig. 5 . The data shown is the temperature dependence of the dielectric constant e 0 (T) of pure and Mn substituted CFO at different frequencies. It is evident that e 0 (T) increases as Mn content in the sample increases. e 0 (T) decreases (but not below pure CFO) and does not follow the systematic decreasing trend for x ¼ 0.075 to 0.15. This may be explained with the assumption that with Mn substitution the grain boundaries are more dominant. Furthermore, with Mn concentration, there is no shift in the dielectric maxima temperature as is evident from Fig. 5 . This is an indication that with Mn substitution, we can modify/tailor the values of dielectric constant while retaining the dielectric transition temperature of pure CFO.
C. Effect of temperature on the dielectric loss factor
The energy loss is usually characterized by the dielectric loss factor (tan d), which is expressed as the ratio of the imaginary part of the dielectric constant to the real part, i.e., tand ¼ e 00 =e 0 , where the angle d is the phase difference between the applied electric field and the induced current. It is known that the dielectric loss arises when the polarization lags behind the applied alternating field and may be caused by the grain boundaries, impurities, and imperfections in the crystal lattice. 43, 44 The density of a material also plays an important role in the variation of dielectric loss, i.e., the high porosity (low density) results in low dielectric constant and higher dielectric losses. 44 Figure 6 presents the variation of tan d with temperature at various frequencies. It can be seen that the dielectric loss decreases with increasing frequency for all CFMO samples. The presence of well-defined and systematic resonance relaxation peaks can also be noted for each and every sample. The peak position of the relaxation maxima shifts towards higher temperature side with increasing frequency. The positive temperature shift of the relaxation peak is a clear indication of the thermally activated relaxation process, which is the typical of relaxation losses in dielectric materials. [45] [46] [47] [48] These peaks appear when the jumping frequency of localized electrons becomes approximately equal to the frequency of the externally applied ac electric field. The shift of relaxation peaks is often attributed to the increase in the rate of hopping of charge carriers. According to the Rezlescu model, the relaxation peaks occur due to the collective contribution of both n-type and p-type charge carriers. 48 In the present case of CFMO, the n-type . Furthermore, it is well known that both types of charge carriers contribute to the conduction process in ferrites. 42, 43 The condition for observing maximum in the dielectric loss of a material is xs ¼ 1, where x ¼ 2p f. The relaxation time s is related to the jumping probability per unit time "p" as s ¼ 1/2p or x max ¼ 2 p. According to this relation, the Debye relaxation process occurs when the rate of hopping of electrons between Fe 2þ /Mn 2þ and Fe 3þ /Mn 3þ becomes approximately equal to the frequency of the applied field and the phenomenon is termed as ferrimagnetic resonance. 49 In Fig. 6 , it is seen that the dielectric loss increases with increasing temperature, which is expected because of the fact as the temperature increases the resistivity decreases.
D. Impedance spectroscopy
The impedance plots obtained for pure CFO and Mn substituted CFO at different temperatures are shown in Fig.  7 . The experimental and calculated data are shown. It can be seen that, at 300 K, a single semicircular arc is present for all the samples. This is an indication that only the bulk of grain contributes to the electrical conduction process at room temperature. Evolution of the impedance spectra with temperature is quite interesting for CFMO as seen in Fig. 7 . A new semicircular arc in the Nyquist plots of the impedance with increasing temperature is an indication of another type of conduction process in CFMO with increasing temperature. The presence of two semicircular arcs can be clearly noted at $423 K. The other semicircular arc, which evolves with increasing T and totally absent in these samples at 300 K, is due to contribution from grain boundary. Such grain and grain-boundary conduction and relaxation processes were also noted in polycrystalline ceramics. 46, 47 The arc on the lowfrequency side is due to the grain boundary conduction and that on the high-frequency side is due to the grain conduction. Furthermore, with increasing temperature, the systematic changes in the diameter of these semicircular arcs are evident. These changes are a true indication of the relative contributions from grain resistance and grain boundary resistance as indicated by the diameter of semicircular arcs. With increasing temperature, the diameter of the semicircular arc related to grain boundary expands while that of the bulk of the grain depresses. At higher temperatures ($673 K), only one semicircle is present indicating that the grain boundary effects dominate the conduction process, while the contribution from bulk of the grain is totally absent.
To analyze the experimental impedance spectra, usually data are modeled by an ideal equivalent circuit consisting of a resistor R and a capacitor C. [50] [51] [52] [53] Since polycrystalline materials generally show intergranular or grain-boundary impedances, they can be represented by the equivalent circuit shown in Fig. 8 . The circuit consists of a series array of two sub-circuits; one represents grain effects and the other represents that of grain boundaries. Each sub-circuit is composed of a resistor and capacitor connected in parallel. Let R g , R gb and C g , C gb be the resistances and capacitances of grains and grain boundaries, respectively, then the impedance Z* for the equivalent circuit shown in Fig. 8 is [53] [54] [55] 
FIG. 6. Variation of tand with temperature at various frequencies. It can be seen that the dielectric loss decreases with increasing frequency for all CFMO samples. The data exhibit welldefined resonance relaxation peaks for all the compositions. Also, the peak position of the relaxation maxima shifts towards higher temperature side with increasing frequency.
where
and
Theoretical modeling/calculation of Z 0 and Z 00 can be performed, using the above equations, that can aid in further understanding of the experimental data obtained and to derive a more detailed account of the mechanisms involved. We have performed such modeling by following the considerations as: (a) only a first term on the right hand side of Eqs. (3) and (4) is valid if there is a contribution only from grain; (b) both the terms on the right hand side of Eqs. (3) and (4) are valid if there is a contribution from both the grain and grain boundary; (c) only the second term on the right hand side of Eqs. (3) and (4) is valid if there is a contribution only from grain boundary.
Using Eq. (4), the responses of the grains and grain boundaries are located at 1=ð2p f R g C g Þ and 1=ð2p f R gb C gb Þ, respectively. The peak values of semicircular arcs are proportional to associated resistances. In general, the peak frequency for grain boundaries is much lower than that for grains due to their large resistance and capacitance compared with those of grains. 56 Therefore, in the impedance spectra (Fig. 7) , the high-frequency side semicircle corresponds to the response from grains and the low-frequency one to that from grain boundaries. It is interesting to note that Z 0 and Z 00 plots calculated theoretically are in good agreement with those obtained from experiments. From the best fitting, the parameters (C g , C gb , R g and R gb ) obtained are listed in Table I . It is seen ( Table I ) that both R g and R gb decreases with increasing temperature as expected. Furthermore, the measured total resistance (R g þ R gb ) matches very well with the total dc resistance. Important to note is the fact that the grain capacitance, C g $ 7-10 pF, is independent of temperature and remains constant. On the other hand, the grain boundary capacitance (C gb ) is strongly dependent on temperature and it becomes maximum (3.5 nF) at 673 K. These observations confirm that the increasing dielectric constant of CoFe 2-x Mn x O 4 is associated with a grain boundary or (internal) barrier layer capacitance, C gb , and not an intrinsic feature associated with the bulk of grain capacitance (C g ). Thus, the two-layer model containing low-resistive bulk of the grains separated from each other by high-resistive grain boundaries accounts for the observed impedance spectra and electrical behavior of CFMO. Furthermore, this model satisfactorily accounts for the observed e 0 -T functional relationship and two dielectric relaxations noted for CFMO materials as a function of Mn content. It must be also pointed out that the dielectric relaxation time and capacitance values and the two-layer model adopted in this work are in good agreement with those reported in literature for pure CFO or doped-CFO materials or related ceramics. [56] [57] [58] [59] [60] E. AC electrical conductivity
The frequency dependence of the real r 1 (x) and imaginary r 2 (x) parts of electrical conductivity (r ac ) of CoFe 2-x Mn x O 4 (x ¼ 0.00-0.15) is shown in Figs. 9 and 10, respectively. r 1 (x) and r 2 (x) were calculated using the following formulae 56 
where e 0 and x are the permittivity of the free space and angular frequency, respectively. Conductivity is seen to increase with increasing frequency due to the increase in electron hopping. The total conductivity of the ferrites can be expressed by the relationship 1, 63 r tot ¼ r 0 ðTÞ þ rðx; TÞ:
The first term on right hand side of Eq. (7) is the dc conductivity due to the band conduction, which is a frequency independent function. The second term of the equation is pure ac conductivity due to the electron hopping between the two Fe/Mn ions at the octahedral site. It is well known that, in ferrites, the electrical conduction takes place by hopping of the electrons. 64, 65 The hopping rate increases with increasing frequency and the corresponding electrical conductivity increases. Furthermore, the second term rðx; TÞ which is frequency dependent function is related to the dielectric relaxation caused by the localized electric charge carriers, which obeys the empirical power law 1, 64 rðxÞ ¼ Ax n ;
where the constants A and n are both the temperature and composition dependent parameters; n is dimensionless, whereas A has units of conductivity and x is the angular frequency. The variation of room temperature ac electrical conductivity with frequency indicates that the ac conductivity increases with increasing frequency. Electron hopping rate between Fe 2þ and Fe 3þ ions at octahedral sites increases as the frequency of applied field increases which in turn increases the mobility of charge carriers. Thus, the observed enhanced conductivity with frequency is only due to increased charge carrier mobility but with no change in net charge carrier concentration. Furthermore, the increase in ac conductivity with frequency could also be explained on the basis of Koop's model. 66 However, it should be noted that the real part of the conductivity (r 1 (x)) is dependent on the other microstructure factors. For instance, while it is anticipated that r 1 (x) increases with Mn content, the measurements indicate slightly lower values of r 1 (x) with increasing Mn content (Fig. 9) . It is well known that the ac measurements depend on the materials' microstructure. In the present case, it is seen from SEM images that the grain size increases with Mn content. With increasing Mn concentration, there may be a competing tendency between the hopping sites and grain size-boundary scattering, which make it difficulty or may not allow easy path for conduction. This may be one of the possible reasons for the observed decrease in the ac conductivity with the Mn content.
Variation of ac resistivity with temperature for the pure and Mn substituted CFO samples at various frequencies is shown in Fig. 11 . The ac resistivity increases initially in the 300-400 K range at 1 kHz and then decreases, i.e., the ac conductivity increases with temperature for all frequencies, the increase being more rapid at higher frequencies. This increase in the conductivity with temperature is due to the increase in drift mobility of the charge carriers thereby enhancing their hopping rate.
1 A higher magnitude of conductivity for the sample at higher frequencies in the lowtemperature region is an expected result in view of strong frequency dependence under these conditions. As temperature rises, the electrical conductivity of the materials at different frequencies approaches each other in the highertemperature region. These features in the conductivity variation pattern indicate that the electrical conduction in these samples is a thermally activated process governed by the release of space charge in good agreement with the impedance analysis results. 67 Therefore, the presence of peaks in the resistivity for all the compositions at four frequencies may correlate with the grain and grain boundary contributions implying the space charge contribution to the resistivity becomes dominant above the peak observed in the resistivity. Furthermore, it is interesting to note that the temperature at which the resistivity peak is observed is the temperature at which the dielectric constant starts to increase in dielectric measurements and exactly matches with the temperature at which the contribution switches from the grain to grainboundary in the complex impedance measurements. Therefore, an overall correlation exists in the ac conductivity, impedance and dielectric behavior of the CFMO samples. Thus, the electrical conduction mechanism in all these CFMO compositions may be correlated to the space charge generated due to the thermally activated processes in addition to the hopping of electrons between Fe 2þ /Mn 2þ and Fe 3þ /Mn 3þ ions. However, beyond the peak temperature, the electrical resistivity should be dominated by the adiabatic small polaronic resistivity.
IV. CONCLUSIONS
Manganese substituted cobalt ferrites were synthesized by the solid state reaction method by varying Mn concentration from 0% to 15%. XRD analyses indicate that Mn-substituted cobalt ferrites crystallize in the inverse cubic spinel phase. Lattice parameter slightly decreases with increasing Mn concentration due to Mn ions occupying Fe site in the lattice. The modified Debye model, which considers the possibility of more than one ion contributing to the relaxation, is able to explain the observed frequency dependent dielectric constant variation at room temperature. Relaxation time and spreading factor of these compounds derived from modeling the experimental data are $10 À4 s and $0.3-0.4, respectively. The dielectric maxima shift toward higher temperatures with increasing frequency. Frequency and temperature dependent dielectric constant measurements indicate that the Mn-substituted cobalt ferrites exhibit two dielectric relaxations at 1-10 kHz frequency range, while completely single dielectric relaxation at 100 kHz-1 MHz range. The dielectric constant is temperature independent until 400 K, at which point increasing trend prevails. The temperature dependent dielectric constant, ac electrical conductivity, and impedance analyses indicate that there exists an overall correlation and microstructure effect. A two-layer model containing the low-resistive grains separated from each other by high-resistive grain boundaries is able to explain the dielectric behavior, ac conductivity, and impedance characteristics of Mn-substituted cobalt ferrite. The two electrical responses in impedance formalism are attributed to the grain and grain-boundary effects, respectively, which satisfactorily accounts for the two dielectric relaxations and resistivity maxima of the cobalt ferrites with variable Mn content. The capacitance of the bulk of the CFMO grain is $10 pF, which remains constant with temperature, while the grain-boundary capacitance increases to $3.5 nF with increasing temperature . FIG. 11 . Variation of ac resistivity with temperature for the pure and Mn substituted CFO samples at various frequencies. The data shown are for pure CFO (0% Mn), 5% Mn, 7.5% Mn, and 15% Mn as indicated.
